Regulation of the extracellular matrix by proteases and protease inhibitors is a fundamental biological process for normal growth, development and repair in the central nervous system. Matrix metalloproteinases (MMPs) and the tissue inhibitors of metalloproteinases (TIMPs) are the major extracellular-degrading enzymes. Two other enzyme families, a disintegrin and metalloproteinase (ADAM), and the serine proteases, plasminogen/plasminogen activator (P/PA) system, are also involved in extracellular matrix degradation. Normally, the highly integrated action of these enzyme families remodel all of the components of the matrix and perform essential functions at the cell surface involved in signaling, cell survival, and cell death. During the inflammatory response induced in infection, autoimmune reactions and hypoxia/ischemia, abnormal expression and activation of these proteases lead to breakdown of the extracellular matrix, resulting in the opening of the blood-brain barrier (BBB), preventing normal cell signaling, and eventually leading to cell death. There are several key MMPs and ADAMs that have been implicated in neuroinflammation: gelatinases A and B (MMP-2 and -9), stromelysin-1 (MMP-3), membrane-type MMP (MT1-MMP or MMP-14), and tumor necrosis factor-α converting enzyme (TACE). In addition, TIMP-3, which is bound to the cell surface, promotes cell death and impedes angiogenesis. Inhibitors of metalloproteinases are available, but balancing the beneficial and detrimental effects of these agents remains a challenge.
Introduction
During neuroinflammation and ischemia, molecular cascades are initiated with the purpose of removing damaged cells and preparing the brain for repair (Dirnagl et al., 1999) . This dual role necessitates a full understanding of the timing of the injury phases and of those involved in repair. Early after the injury, constitutive proteases are activated and begin the process of disassembling the extracellular matrix, opening the blood-brain barrier (BBB), and initiating cell death by apoptosis Heo et al., 1999; Yang et al., 2007) . The second stage of injury involves MMPs in processes of angiogenesis and neurogenesis (Lee et al., 2006; Wang et al., 2006; Zhao et al., 2006) . In this second phase, treatment with MMP inhibitors may interfere with repair Sood et al., 2008) . Remodeling of the extracellular matrix characterizes the third phase when gliosis forms impenetrable scar tissues that block the regrowth and re-projection of axons. The action of the MMPs on the basal lamina and tight junction proteins (TJPs) in endothelial cells is the final common pathway for opening of the BBB, which allows cells to enter the central nervous system and attack invading organisms. This is probably a protective mechanism during CNS infection, but when no infection exists, this inflammatory response contributes to tissue damage. When matrix proteins around neurons are degraded, there is loss of contact and cell death by anoikis (Gu et al., 2002) . While a great deal has been learned in the past decade as information on the MMPs and TIMPs has emerged from many laboratories, the multiple functions of the MMPs and TIMPs have made the search of clinically useful MMP inhibitors a challenge.
The first enzyme in the large gene family now known as the MMPs was discovered in the regenerating frog tail (see for discussion (Brinckerhoff and Matrisian, 2002) ). The next major breakthrough in MMP biology was the discovery that metastatic melanoma cells secrete a 72-kDa type IV collagenase (MMP-2) to facilitate tumor cells' passage from the blood into the tissues (Liotta et al., 1980) . This important discovery lead to a great deal of interest by the pharmaceutical industry to identify MMP inhibitors for the treatment of cancer (Overall and Lopez-Otin, 2002) . Initially the emphasis of drug discovery and clinical trials was on the role of the MMPs in cancer with many agents entering clinical trials (Coussens et al., 2002) . The results were disappointing because long-term use of these agents resulted in overgrowth of extracellular matrix in joints, which was painful. Subsequently, a shift has occurred with the realization that short-term use of MMP inhibitors may be possible in neurological disorders, particularly for treatment of cerebrovascular and cardiovascular diseases (Hu et al., 2007) . This selective review will focus on the role of the MMPs in the neuroinflammatory response to injury with special emphasis on cerebral ischemia. This article will not cover the role of MMPs in other neurodegenerative diseases (e.g., multiple sclerosis, inflammatory myopathies) where the inflammation is the underlying cause of the disease. Several recent reviews have been published detailing the basic biology and role in the central nervous system of the MMPs (Lo et al., 2003; Cunningham et al., 2005; Liu and Rosenberg, 2005; Yong, 2005) .
Biology of the MMPs: expression and mechanisms of activation
The MMPs are zinc-and calcium-dependent endopeptidases, identified as matrix-degrading enzymes. MMPs cleave most components of the extracellular matrix including fibronectin, laminin, proteoglycans and type IV collagen (Sternlicht and Werb, 2001; Rosenberg, 2002) . MMPs are also capable of processing other proMMPs and a number of bioactive molecules, including proforms of cytokines such as TNF-α and IL-1β (Schonbeck et al., 1998; Cauwe et al., 2007) , and pro-neurotrophins such as proNGF and proBDNF (Schonbeck et al., 1998; Lee et al., 2001; Sternlicht and Werb, 2001) . Regulation of MMP expression and activation is very complex and tightly controlled. MMPs are synthesized as zymogens and are secreted into the extracellular space as inactive zymogens. ProMMPs are activated by disruption of the zinc-thiol interaction between the catalytic site and the pro-domain. The pro-peptide of the zymogen has to be proteolytically cleaved by other MMPs or proteases for an MMP to be active (Sternlicht and Werb, 2001 ). The proteases plasmin, tissue plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA) are important physiological activators of the MMPs (Fig. 1) (Gasche et al., 2006) . Protease-independent activation of the MMPs by S-nitrosylation or oxidation can unmask the catalytic domain producing activation of MMPs without pro-domain cleavage (Gu et al., 2002; Meli et al., 2003; Pei et al., 2006) .
The activities of MMPs are regulated by tissue inhibitors of MMPs (TIMPs). Four member of this family have been characterized (Brew et al., 2000) . TIMP-2 inhibits MMP-2, TIMP-1 inhibits MMP-9 and TIMP-3 acts on MMPs and TACE. Although individual TIMPs have preferences for one or another of the MMPs, they can inhibit all of the MMPs (Brew et al., 2000) . TIMP-3 is unique because it is membrane bound. The main substrates inhibited by TIMP-3 include MT1-MMP, MMP-3 and TACE (Cunningham et al., 2005) .
Constitutive expression of MMP-2 provides an on-going, well-controlled remodeling of the extracellular matrix. MMP-2 remains in the pro or latent form until activated by a molecular cascade that involves a trimolecular complex made up of MMP-2, TIMP-2, and MT1-MMP (Fig. 2) . This reaction occurs close to the cell surface where it provides local proteolysis without involvement of the surrounding tissues (Zucker et al., 2003) . TIMP-3 reduces the activation of MT1-MMP, which affects the activation of MMP-2.
The early events in the molecular cascade of hypoxia/ischemia probably involve the induction of the proconvertase, furin, by hypoxia inducible factor-1α (HIF-1α) (McMahon et al., 2005) . Furin is an activator of MT1-MMP (MMP-14), which is required for the activation of MMP-2 (McMahon et al., 2005) . Activation of MT1-MMP by furin has been established for tumorigenesis and can only be proposed for cerebral ischemia. Unlike other MMPs, MMP-2 is constitutively present in large quantities in the normal brain and is found in astrocytes and CSF (Fig. 2) . The rate-limiting step is activation, making MT1-MMP critical in the process (Fig. 1) . Abnormal increase in MMP-2 expression and activity in hypoxia/ischemia may disrupt basal lamina and tight junctions between endothelial cells leading to BBB disruption. On the other hand, latent MMP-9 is activated by free radicals and MMP-3 during neuroinflammatory and ischemic conditions (Hahn-Dantona et al., 1999; Gasche et al., 2001; Liu and Rosenberg, 2005) (Fig. 1) . The link between hypoxia, HIF-1α, furin and MT1-MMP activation has been demonstrated in peripheral tissues, and remains to be studied in the brain.
MMPs and neuroinflammatory responses
The two major inducible MMPs that have been identified in the neuroinflammatory response are MMP-3 and MMP-9. In brain, a number of cell types express MMP-9, including neurons, endothelial cells, reactive astrocytes and microglia. Studies to identify the factors involved in induction of MMPs in neuroinflammation have used lipopolysaccharide (LPS), which is a potent stimulus for MMP-3 and -9 in cultures of brain astrocytes and microglia (Gottschall and Deb, 1996; Rosenberg et al., 2001; Lee et al., 2003; Kim et al., 2008) . It has been suggested that the effects of LPS on the expression of MMPs are due in part to the formation of proinflammatory cytokines. TNF-α and IL-1β produce a significant increase in the production of MMP-3 and -9 in cultured astrocytes and microglia (Gottschall and Yu, 1995; Kauppinen and Swanson, 2005; Crocker et al., 2006) . A recent study found that endothelin-1, which is increased in cerebral ischemia, is a potent inducer of MMP-3 production in primary rat astrocytes (Koyama and Tanaka, 2008) .
Intracerebral injection of LPS disrupts the BBB through the action of MMP-9 (Mun-Bryce and . Furthermore, intracerebral injection of LPS significantly elevates mRNA levels of MMP-2 and -3, and TNF-α mRNA levels (Mun-Bryce et al., 2002) . Since MMP-9 protein was seen after LPS injection, but mRNA was not, the source of MMP-9 was most likely the invading neutrophils. Active MMP-9 is prepackaged in neutrophils and released under neuroinflammatory conditions (Justicia et al., 2003; Gidday et al., 2005; .
Studies in the MMP-3 knockout mouse, using the LPS intracerebral injection model, showed induction of MMP-3 and -9 with disruption of the BBB; MMP-3 knockout mice have significantly reduced BBB opening and neutrophil infiltration (Gurney et al., 2006) . The MMP-3 co-localized with the macrophages/microglia cells (Fig. 3 ).
Direct injection of tumor necrosis factor-α (TNF-α) into the rat brain results in a dramatic increase in the expression and activation of MMP-9 and MMP-3 (Rosenberg et al., 1995; Candelario-Jalil et al., 2007b) , which is associated with a significant opening of the BBB. Microglia/macrophages and neurons surrounding the injection site are the major cellular sources of MMP-3 and -9 following intracerebral TNF-α administration. In this model of neuroinflammation, cyclooxygenase (COX)-derived products are involved in the molecular mechanisms responsible for the expression and activation of both MMP-3 and -9. Indomethacin, an inhibitor of COX-1 and COX-2, significantly reduced the expression and activity of MMP-9 as assessed by immunoblotting and gelatin-substrate zymography. Similarly, indomethacin treatment reduced MMP-3 expression and activity. Indomethacin and the COX-1 inhibitor valeroyl salicylate significantly attenuated TNF-α-induced BBB breakdown and free radical formation (Candelario-Jalil et al., 2007b) , indicating that MMPmediated BBB disruption during neuroinflammation can be significantly reduced by administration of COX inhibitors. Furthermore, COX-2 inhibition reduced BBB damage, vasogenic edema and leukocyte infiltration following transient focal cerebral ischemia (Candelario-Jalil et al., 2007a) . These studies suggest that enhanced COX activity during neuroinflammatory and/or ischemic conditions is an important mechanism involved in BBB injury, possibly by increasing MMP production and inducing oxidative damage.
Novel roles of MMPs in cellular signaling
Data from recent studies indicate that MMP-3 plays a critical role as an intercellular signaling molecule that modulates neuroinflammatory responses (Kim et al., 2005; Kim et al., 2007; Woo et al., 2008) . Neurons that are under cellular stress and undergoing apoptosis release the active form of MMP-3, and this catalytically active MMP-3 in turn triggers microglial activation and production of pro-inflammatory cytokines such as TNF-α, IL-6 and IL-1β (Kim et al., 2005) . Inhibition of MMP-3 activity by NNGH [N-isobutyl-N-(4-methoxyphenylsulfonyl)-glycylhydroxamic acid] completely prevented microglial activation in terms of reduction of proinflammatory cytokines release (Kim et al., 2005) and formation of reactive oxygen species (Kim et al., 2007; Woo et al., 2008) . In line with these studies, it has been recently reported that inhibition of MMP-3 or -9 significantly suppressed the expression of inducible nitric oxide synthase, IL-1β and IL-6 at the transcriptional level through a mechanism involving suppression of NF-κB, AP-1 and mitogen-activated protein kinases (MAPKs) in LPS-stimulated microglial cells (Woo et al., 2008) . Furthermore, treatment with BB-94, a broad spectrum MMP inhibitor, suppressed TNF-α production in LPS-treated human microglia (Nuttall et al., 2007) .
MMP-3 deficient mice displayed a significant reduction in microglial activation following in vivo administration of the neurotoxin MPTP (Kim et al., 2007) . MMPs are secreted as the pro-form and processed to the active form extracellularly (Sternlicht and Werb, 2001 ).
However, neurons undergoing apoptosis release the active form of MMP-3 (Kim et al., 2005; Kim et al., 2007) , which is cleaved inside the cell by a serine protease other than furin , suggesting for the first time that there is a mechanism of activation of MMP-3 inside the cell.
The biological significance of the release of active MMP-3 by neurons undergoing apoptosis is not completely clear. It has been suggested that it may disrupt physical connections between apoptotic cells and the extracellular matrix, which may facilitate engulfment by phagocytes (Kim et al., 2005) . Active MMP-3 may also induce microglial activation near the site at which apoptosis occurs to promote clearance of apoptotic cells (Kim et al., 2005) . It should be noted that the exact molecular mechanisms through which active MMP-3 activates microglial cells remain to be clarified.
The Neurovascular Unit, Tight Junction Proteins and MMPs
Brain capillaries, which are the major interface between blood and the brain tissues, play a major role in controlling the neuronal microenvironment. The neurovascular unit includes the endothelial cells (ECs), astrocytes, pericytes, basal lamina and the neurons. Around the capillary is a basal lamina with pericytes and surrounding them are the astrocyte endfeet. MMPs are found in all of the elements of the neurovascular unit, but different MMPs have predilection for certain cell types. Endothelial cells have mainly MMP-9, pericytes express MMP-3 and -9, while astrocytes have MMP-2 and MT1-MMP in the endfeet that surround the endothelial cells. This pattern of MMPs facilitates the opening of the BBB in inflammation, but also allows for the gradual changes in the extracellular matrix that are most likely on going and involve the action of the MMP-2/MT1-MMP complex remodeling the matrix to prevent excessive build-up.
Cerebrovascular endothelial tight junctions restrict molecules from moving between the blood and the brain. Tight junction proteins join ECs together, forming an interface between blood and brain (Brightman and Reese, 1969; Liebner et al., 2000; Ballabh et al., 2004) . Trans-membrane tight-junction proteins consist of three integral proteins, claudins, occludin, and junctional adhesion molecules (JAM) (Furuse et al., 1993; Papadopoulos et al., 2001) . Zona occludens (ZO)-1, -3, and cingulin are considered to be cytoplasmic tight junctional accessory proteins, which connect tight junctions to the actin cytoskeleton Haskins et al., 1998) . The extracellular loops of occludin, claudin, and JAM originating from neighboring cells form the paracellular barrier of the TJ, which selectively exclude most blood-born substances from entering the brain. In rodents and adult human brains, claudin-1, claudin-5, and occludin have been found to be present in brain endothelial tight junctions forming the BBB. Tight junctions are dynamic structures and proteins forming the TJ are subject to changes in expression, subcellular location, post-translational modification, and protein-protein interactions under both physiological and pathophysiological conditions (Hawkins and Davis, 2005) . Occludin, claudin-5 and ZO-1, which are the main structural barrier proteins, are considered sensitive indicators of normal and disturbed functional state of the BBB (Hirase et al., 1997; Hirase et al., 2001; Dobrogowska and Vorbrodt, 2004; Kanda et al., 2004; Wen et al., 2004) . The claudins have been proven to be one of the essential proteins for TJ strands and the composition of the claudin species directly determines the barrier function (Hawkins and Davis, 2005) . Taking together, the regulation of TJPs is essential for the maintenance of the BBB permeability.
The role of the basal lamina molecules may be to provide a charge barrier, and the astrocytes and neurons may secrete various vasoactive substances to modulate the structure and physical state of the endothelial cells. Elegant studies of astrocytes with confocal microscopy shows a large cellular domain with extensive connections to the capillaries and rapid activation of calcium signals that travel over large regions affecting capillary function at a distance from the stimulus (Simard et al., 2003) .
Involvement of MMPs in Bacterial Meningitis
Acute inflammation of the meninges triggers the release of MMPs, which can be detected in the CSF, opening the BBB at the brain surface. Elevated levels of MMPs are found in viral, bacterial, and fungal meningitis . Matrix metalloproteinases and TACE contribute synergistically to the pathophysiology of bacterial meningitis; TACE proteolytically releases several cell-surface proteins, including the proinflammatory cytokine, TNF-α and its receptors, which in turn stimulate cells to produce active MMPs, facilitating leukocyte extravasation and brain edema by degradation of extracellular matrix components . Treatment with BB1101, a hydroxamic acid-based inhibitor of MMP and TACE, reduced the CSF concentration of TNF-α and decreased the incidences of seizures and mortality. Several types of meningitis cause an increase in MMPs in the CSF, including Lyme disease, viral infections, and tuberculosis (Kolb et al., 1998; Perides et al., 1998; Sporer et al., 1998; Lee et al., 2004) . A water-soluble MMP inhibitor, TNF484, with actions against both MMPs and TACE was shown to be effective in an experimental model of bacterial meningitis (Meli et al., 2004; Echchannaoui et al., 2007) . Doxycycline, a tetracycline derivative that inhibits MMPs, was also shown to effectively treat meningitis (Meli et al., 2006) .
MMPs in Cerebral Ischemia
Emerging evidence from many laboratories indicates a complex pattern of MMP expression in hypoxia/ischemia (Rosenberg et al., 1996; Gasche et al., 1999; Heo et al., 1999; Wang et al., 2000; Planas et al., 2001; Magnoni et al., 2004; Sole et al., 2004; Yang et al., 2007) . In the reperfusion model, there is an early increase in MMP-2, which is transient, but results in the early reversible opening of the BBB. An elevation in MMP-2 in the early stages of the injury has been observed in rodents and nonhuman primates (Chang et al., 2003; Yang et al., 2007) . Claudin-5 is degraded by MMP-2, but remains within the vessels after 3 hour of reperfusion (Fig. 4) . However, by 24 hours the tight junction proteins are no longer seen in the vessels . Following the initial opening of the BBB, there is a second opening between 24 and 48 hours, depending on the time of occlusion . During this phase there is marked increase in MMP-9, which leads to more extensive damage to the blood vessels. Treatment with MMP inhibitors or MMP neutralizing antibodies decreases infarct size and prevents BBB breakdown after focal ischemic stroke (Romanic et al., 1998; Rosenberg et al., 1998; Asahi et al., 2000; Asahi et al., 2001b) . When rats were treated with the MMP inhibitor, BB1101, immediately after the onset of reperfusion, the early opening of the BBB seen at 3 h was blocked (Fig. 5) . However, MMP inhibition failed to reduce infarct size at 48 h and interfered with recovery, as demonstrated by a worse neurological deficit score at 3-4 weeks after stroke (Sood et al., 2008) .
A number of other factors are involved in the later disruption of the blood vessels since there are cytokines, proteases, and free radicals released at this stage of the injury. Another major difference between the first wave of MMP-induced injury and the second is that MMP-2 is tethered to the cell surface by MT1-MMP and requires the presence of TIMP-2 in order to undergo activation. This restricts the proteolytic action of MMP-2 to the immediate vicinity of the protease. On the other hand, MMP-9 is released into the extracellular space where it is not constrained and degrades multiple proteins in the extracellular matrix, including those in the matrix around neurons. MMP-9, but not MMP-2 gene knockout is associated with a reduction in infarction and attenuation of BBB opening after focal cerebral ischemia Asahi et al., 2001a; Asahi et al., 2001b) .
In human ischemic stroke, active MMP-2 is increased first on days 2-5 compared to active MMP-9, which is elevated up to months after the ischemic episode (Clark et al., 1997) . In stroke patients, there is a correlation between levels of MMP-9 in plasma and the final NIHSS score (Montaner et al., 2001 ).
Apoptosis by injury to the matrix around the neuron has been proposed as a mechanism of cell death by anoikis (Gu et al., 2002) . Furthermore, treatment with a selective inhibitor of MMP-2 and MMP-9 blocks cell death in transient focal ischemia (Gu et al., 2005) . Mice overexpressing superoxide dismutase (SOD) are protected from ischemic injury and have reduced MMP production (Morita-Fujimura et al., 2000) . Oxidative stress leads to the induction of MMP-9 in transient focal cerebral ischemia (Gasche et al., 2001) . Hyperglycemia increases oxidative stress and MMP-9 activity, exacerbating BBB disruption following temporary focal cerebral ischemia (Kamada et al., 2007) .
The early increase in gelatinase activity at 2 h of reperfusion following focal ischemia is involved in the maturation of IL-1β in the ischemic brain (Amantea et al., 2007) . IL-1β is synthesized as a precursor molecule, pro-IL-1β (31 kDa), which is cleaved and converted into the mature, biologically active, form of the cytokine (17 kDa) by caspase-1 (Thornberry and Molineaux, 1995) . After 2 h of recirculation following ischemia, the increase in MMP-2 and -9 in the ischemic cortex coincides with elevation of mature IL-1β. This early increase in IL-1β does not implicate the caspase-1-dependent processing of pro-IL-1β to yield mature IL-1β. More importantly, administration of the MMP inhibitor GM6001 abolished the increase of IL-1β and reduced the cleavage of the pro-IL-1β form, indicating that the early increase in MMPs following ischemia may initiate IL-1β processing. GM6001 treatment also produced a significant reduction in infarct size at 24 h after focal ischemia (Amantea et al., 2007) .
MMPs and tPA-induced hemorrhagic transformation
Magnetic resonance imaging (MRI) in human cardioembolic stroke showed hemorrhagic transformation in 68.6% of infarcts, suggesting that hemorrhagic transformation is a regular finding in medium and large cardioembolic infarcts (Hornig et al., 1993) . Plasma levels of MMP-9 correlate with hemorrhagic transformation and intracerebral hemorrhage (Montaner et al., 2003; Rosell et al., 2006) . Treatment with tissue plasminogen activator (tPA) is the only approved effective therapy in stroke. tPA, which is given for acute strokes within 3 hours of onset, increases the risk of hemorrhage approximately 10-fold (NINDS, 1995; Kidwell et al., 2008) . Therefore, therapeutic strategies that reduce these side effects of tPA are highly desirable.
Treatment of rats with tPA increases mortality by opening the BBB and inducing hemorrhage; treatment with the broad-spectrum MMP inhibitor, BB94, blocks the opening of the BBB and dramatically reduces hemorrhage (Fig. 6) (Lapchak et al., 2000; Pfefferkorn and Rosenberg, 2003) . Opening of the BBB after tPA leads to increased mortality; when the BBB is closed with a MMP inhibitor, the death rate is dramatically reduced (Fig. 6) . Tissue plasminogen activator increased the expression and activation of MMP-9; at 12 hours, tPAtreated rats showed significantly higher levels of proMMP-9 and cleaved MMP-9 than untreated controls and by 24 hours, all rats showed evidence of hemorrhagic transformation in the ischemic territory. Rats treated with BB-94 and tPA showed significantly reduced hemorrhage volumes compared with those that received tPA alone (Sumii and Lo, 2002) . When the BBB remains intact the fibrinolytic agent acts on fibrin within the blood vessels, however, if the BBB is compromised, the tPA escapes into the brain and acts on the MMPs. Agents that maintain the integrity of the BBB may therefore extend the therapeutic window for treatment. A small percentage of stroke patients arrive at a hospital early enough to qualify for tPA treatment. Therefore, extending the time window for thrombolytic therapy by reducing the hemorrhagic risk would be beneficial.
It has been shown that the serine proteases, urokinase plasminogen activator (uPA) and tPA induced a dose-dependent upregulation of MMP-2 and MMP-9 in rat cortical astrocytes (Lee et al., 2007) . Furthermore, tPA promotes neutrophil degranulation and MMP-9 release, suggesting that neutrophils are good candidates to be the main source of MMP-9 following tPA stroke treatment and thus, partially responsible for thrombolysis-related hemorrhagic transformation .
Emerging evidence indicates that MMP-3 is important in intracerebral hemorrhage induced by tPA treatment of ischemic stroke (Suzuki et al., 2007) . Mice with genetic deficiency of plasminogen (Plg −/− ), stromelysin-1 (MMP-3 −/− ) or gelatinase B (MMP-9 −/− ) were treated with either vehicle or tPA at 4 h after MCAO, and intracerebral hemorrhage was quantified 20 h later. Interestingly, tPA enhanced intracerebral bleeding in MMP-9 −/− mice, but not in Plg −/− or MMP-3 −/− animals. With tPA treatment, Plg −/− and MMP-3 −/− mice showed significantly less hemorrhage than the corresponding wild-type animals, whereas this was not the case for MMP-9 −/− mice, indicating that plasminogen and MMP-3, more than MMP-9, appear to play a critical role in the tPA-enhanced intracerebral bleeding after stroke, whereas MMP-9, more than plasminogen or MMP-3, contributes to hemorrhagic transformation in the absence of tPA treatment (Suzuki et al., 2007) .
TIMP-3, MMP-3 and Apoptosis
Intrinsic and extrinsic pathways mediate apoptosis. The death receptors, Fas/CD95 and TNF receptors (TNFR1 and TNFR2) are cleaved from the cell surface by the sheddase activity of MMP-3 and TACE, respectively. Freeing a death receptor from the surface reduces apoptosis (Bond et al., 2002; Wetzel et al., 2003; Liu et al., 2008; Wetzel et al., 2008) . TIMP-3 blocks the action of MMP-3, which enhances the apoptosis by preventing the release of Fas from the cell surface (Wetzel et al., 2008) . In a rat model of focal cerebral ischemia, TIMP-3 immunostaining was increased in neurons on the ischemic side, and by 24 hours the majority of the ischemic neurons were TIMP-3-positive . Knockout of the TIMP-3 gene reduces cell death and infarct size after cerebral ischemia in the reperfusion injury model in the mouse (Fig. 7) , suggesting that TIMP-3 facilitates cell death in ischemic neurons (Wetzel et al., 2008) . Similarly, data from a recent study showed that TIMP-3 is upregulated in cultured neurons undergoing apoptosis induced by serum deprivation. In this model, TIMP-3 mediated neuronal apoptosis through inhibition of MMP-3 and subsequent activation of the Fas/FasL pathway .
A new role for intracellular active MMP-3 in neuronal apoptosis has been described . Suppression of MMP-3 activity using different approaches, including pharmacological inhibition, gene deletion or siRNA, resulted in protection of neuronal cells from apoptosis. Inhibition of MMP-3 activity reduced the activation of caspase-3 and the increase in DNA fragmentation . This supports a previous study showing that MMP-3 can induce apoptosis in hepatic cells via its catalytic activity. Interestingly, MMP-3 was present in the cell nucleus, and increased apoptosis was abolished by sitedirected mutagenesis of the catalytic site of MMP-3 or by using the MMP inhibitor GM6001 (Si-Tayeb et al., 2006) .
Implications for therapy and conclusions
MMP inhibitors have been used in a number of animal studies to block BBB injury, reduce infarct size and cell death Asahi et al., 2000; Gu et al., 2005) . However, the same inhibitors blocked neurogenesis and neurovascular remodeling during delayed phases after stroke (Lee et al., 2006; Zhao et al., 2006; . These results underscore the complexity of the effects of MMPs during ischemic brain injury, ranging from detrimental effects during the early phases after stroke to beneficial roles at later stages. The major effects of the MMP inhibitors have been in the early stages of stroke when closing of the BBB is desirable in order to extend the treatment window for tPA. MRI provides a unique method to follow the opening of the BBB with Gadolinium-enhanced contrast agents. Combining Gd with fast T1-weighted imaging allows for a dynamic view of the BBB from which graphical data can be extracted for quantification of BBB permeability (Ewing et al., 2003) . The Patlak Plot graphical method can be used to study the effect of drugs on the BBB (Sood et al., 2008) . When a broad-based MMP inhibitor was used, the early opening of the BBB was blocked, but the later recovery was slowed (Sood et al., 2008) . The major obstacles for use of these agents in clinical trials are the low specificity and poor solubility of the most commonly used MMP inhibitors; those with a hydroxymate base. The other obstacle is poor understanding of the time to initiate and the time to stop the use of the agents. Improvements in drug design and increased understanding of the timing of MMP expression should improve our therapeutic options with MMP inhibitors.
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